The objective of this research was to use random amplified polymorphic DNA (RAPD) and isozyme analysis to investigate genetic variation in narrowly distributed populations of Amentotaxus formosana Li. A total of 20 loci from 10 enzyme systems were analysed in 50 individual trees from each of the two natural populations. No isozyme variation was observed in the Tsatsayalai population. Phosphoglucose isomerase (Pgi-1) was the only polymorphic enzyme in the Tawu population, giving 5 per cent polymorphic loci with 0.008 expected heterozygosity. No genetic distance was found between these two populations using isozymes. Amentotaxus formosana demonstrated a high proportion of monomorphic RAPD fragments, about 79 per cent, for 20 arbitrary oligonucleotide primers. High similarity (0.994) was found between the Tawu and Tsatsayalai populations. RAPD markers provided further confirmation of the low levels of genetic variation in A. forinosana detected by isozyme analysis. The value of isozyme analysis was emphasized by the finding of the rare allele, Pgi-la, which was present only in the Tawu population. Based on the analysis of 110 individuals, representing 16 per cent of a native population, it was found that the younger tree category had a higher frequency of Pgi-la (0.125) than the older tree category (0.053), resulting in an expected heterozygosity of 0.250 and 0.105, respectively. It was inferred that the appearance of the Pgi-la allele could be the result of a mutation in the Tawu population and that selection is acting directly upon trees carrying this allele.
Introduction
Amentotaxus formosana Li is endemic to Taiwan, where it is probably the most narrowly distributed gymnosperm species. It is highly endangered and has received worldwide attention (Farjon et al., 1993) . It is a dioecious tree producing large and heavy seeds, but is poor in production. It grows in the broadleaved forests of Taitung Forest District (Tawu) and the Pingtung Forest District (Tsatsayalai), at an elevation ranging from 900 to 1300 m. The Tawu population has about 700 trees greater than 1 cm in diameter and covers an area of about 86 ha. The Tsatsayalai population has about 800 trees and * Correspondence.
covers about 225 ha. In 1988 the Council of Agriculture, Taiwan, designated these two sites as natural reserves for A. formosana, because the populations were on the brink of annihilation. The climate and the components of the plant communities of these two habitats are very similar and belong to the warm temperate rain forest (Yang, 1994) . The reversed J-type of the population structure, judged by the frequency distribution of breast height diameter (DBH) classes, indicated that A. formosana populations can grow continuously and stably under protection in these habitats (Yeh et a!., 1992; Yang, 1994) .
The primary objective of this research was to investigate genetic variation within and between these two populations of A. forinosana, using 388 LOW GENETIC VARIATION IN AMEN TO TA XUS FORMOSANA 389 isozyme and random amplified polymorphic DNA (RAPD) markers (Williams et al., 1990) . Genetic studies based on isozyme data have major advantages over RAPD markers in that they are cheaper and easy to perform, but also give more information on genotypic relationships. Some evidence has suggested that allozyme variation may not be able to provide an accurate or complete measure of nucleotide variation in the genome (Wolff, 1991; Heun et al., 1994; Meijer et al., 1994) . RAPD markers, on the other hand, may provide a less biased measure of genetic variability and a greater resolution of subtle genetic differences for inferring genetic structure. RAPD analysis has resulted in a more definitive grouping (Heun et a!., 1994; Maal3 & Klaas, 1995) , even though RAPD polymorphism is poorly understood and believed to be based upon either sequence variation or mismatches in the primer binding sites. However, in this report we present some unique information from the isozyme analysis that it is not possible to obtain using RAPD markers.
Materials and methods

Sampling
The locations of the two natural populations, Tawu and Tsatsayalai, are shown in Fig. 1 . Fifty trees were sampled from each population for isozyme analysis, and 25 and 20 individuals from the Tawu and Tsatsayalai populations, respectively, for RAPD analysis. Fewer individuals were included in the RAPDs than the isozyme analysis because of practical constraints. Random sampling was applied to the trees; however, uniformity was not possible because some trees were growing on a steep slope. Young leaf tissue was collected in April 1994 and stored at -20°C until required and additional seeds were collected in (Feret, 1971 ). Electrophoresis and staining followed the procedures described by Cheliak & Pitel (1984) .
Isozyme data analysis Allele frequencies were calculated for each locus and population. The following four measures were used to quantify genetic variation within a population: (1) the expected heterozygosity (Nei, 1975) where P, is the frequency of the ith allele, summed over k alleles; (2) the mean number of heterozygous loci per individual was calculated (Nei, 1973) ; (3) the mean number of alleles per locus was calculated by averaging over all polymorphic and monomorphic loci; and (4) the effective number of alleles per locus (Ae; Crow & Kimura, 1970) , was defined as Ae 1/P?.
The number of alleles is maximized when the allele frequencies at any locus are equal. Both Wright's (1969) F-statistics and Nei's (1978) unbiased genetic identity (Ia) and genetic distance (D,,) were used to quantify the degree of differentiation among populations. The above calculations, with the exception of the effective number of alleles, were performed using BIOSYS-1 (Swofford & Selander, 1989) .
DNA preparation Total cellular DNA was prepared from 0.8 g of young leaf material using a modified mini-CTAB method (Murray & Thompson, 1980) . Leaves were frozen in liquid nitrogen, ground to a fine powder and suspended in 15 mL extraction buffer (50 mM per cent 2-mercaptoethanol) and the nuclei and organelles lysed by addition of 25 #L 20 per cent sarkosyl (N-lauryl sarcosinate) and incubating at room temperature for 15 mm. After adding 70 L 5 M NaC1 and 55 uL 8.6 per cent CTAB (cetyltrimethylammonium bromide) and heating at 60°C for 10 mm, the homogenate was extracted with 600 L chloroform:isoamyl alcohol (24:1) and centrifuged in a Kubota KM-15200 microcentrifuge at 5000 g for 10 mm. The nucleic acid was precipitated from the aqueous phase by adding 400 tL isopropanol and pelleted by centrifugation at 12000 g for 10 mm in the microcentrifuge, then washed with 70 per cent absolute ethanol. The pellet was dried and dissolved in 100 1iL TE buffer (10 mrvi Tris-HC1, pH 8.0, 1 mM disodium EDTA), containing 20 mglmL RNase, and stored at -20°C. The DNA concentration was determined using a Hoeffer fluorometer and adjusted to 10 ng/jiL for use in the polymerase chain reaction (PCR).
Polymerase chain reaction PCR conditions for RAPD reaction with the Idaho Air Thermal Cycler are described as follows. Each sample, comprising 50 mM Tris-HC1 buffer (pH 8.5) containing 20 mivi KCI, 1.5 mrvt MgCl2, 0.5 mg/mL
The Genetical Society of Great Britain, Heredity, 77, 388-395. was heat-sealed in a 25 jiL glass capillary tube. Twenty random primers, 13 (OPE-2, ..., supplied by Operon Technologies and 7 (P-4, P-25) synthesized by Oligos Etc., were included in the survey (Table 1 ). The amplification conditions included a total of 45 cycles with template denaturation at 94°C for 60 s, primer annealing at 37°C for 7 s, and primer extension at 72°C for 70 s during the first two cycles. The time for template denaturation was then reduced to 1 s for the remaining 43 cycles. Reactions were further incubated at 72°C for 4 mm and the capillaries were stored at 4°C before the amplification products were analysed by gel electrophoresis.
Analysis of PCR products PCR products were separated using 1.5 per cent NuSieve 3:1 agarose (FMC BioProducts) gels by
The Geneticaf Society of Great Britain, Heredity, 77, 388-395. Within-population similarity (5) was calculated as the mean of SC across all possible comparisons between individuals within a population. Betweenpopulation similarity, corrected for within-population similarity, was S=1+S'-0.5 (S,+S1), where S, and S1 are the values of S for population i and j, respectively, and S ' is the average similarity between randomly paired individuals from populations i andj (Lynch, 1990) . Expected heterozygosity for each population was calculated as the arithmetic mean at the 20 loci.
Results
Isozyme analysis
Isozyme patterns from gametophyte and leaf tissue were compared to define the enzyme loci. With the exception of PGI, no differences in band number were found between the gametophyte and leaf tissue. The number of loci was determined according to Weeden & Wendel (1989) .
Ten enzyme systems, with a total of 20 putative loci, were stained with consistently good resolution: two loci for PGM, PGI, IDH, AAT, 6PGD and SOD; three for MDH and EST; and one locus for SKDH and F-EST. All loci were monomorphic, with the exception of Pgi-1, which resolved two cathodally migrating alleles.
The observed allele frequencies, observed and expected heterozygosities at the polymorphic locus, and average heterozygosities at the population level are listed in Table 2 . Allele Pgi-la was found only in the Tawu population, whereas Pgi-lb was observed in both populations. Two genotypes, ab and bb, have been observed so far. The proportion of polymorphic loci, percentage of heterozygous loci per individual, the mean number of alleles per locus, and the effective number of alleles per locus were 5 per cent, 0.9 per cent, 1.05, and 1.01, respectively, for the Tawu population, whereas no variation was found for Tsatsayalai population (Table 3) .
F-statistics are listed in Table 4 . The X2-test was performed according to the formulae of Li & Horvitz (1953) . The F15 value for the Pgi-1 locus was negative (-0.099), but the x2 analysis showed no significant deviation from zero at the 5 per cent level, indicating that the observed distribution of RAPD analysis
The 20 random primers used in this study generated a total of 289 DNA fragments (Table 1) . Sixty of these fragments (20.8 per cent) were polymorphic, and 229 (79.2 per cent) monomorphic. The number of scorable RAPD fragments generated per primer varied between five and 27, while the number of polymorphic bands per primer ranged between one and 19 (Fig. 2) . The size of the DNA fragments ranged between 300-3000 bp. Seven of the primers (i.e. OPE-1; UPS-i; OPY-7; OPY-iO; P-b; P-il; and P-i3) detected no variation and the monomorphic profiles they amplified were shared by all individuals in both populations.
Observing the pairwise similarity coefficient (SC) across all possible comparisons, the maximum value of SC (0.992) was found within the Tawu population, and the minimum value (0.939) between the two populations. The average similarity coefficients within the Tawu and Tsatsayalai populations and between them were 0.974, 0.970 and 0.966, respectively (Table 6 ). The between-population similarity (S,), corrected for within-population similarity, was
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Discussion distance
The low genetic diversity detected in A. formosana during this study is most likely the result of the geological history of Taiwan. Strong tectonic activities (Penglai orogeny) were recorded in the middle of the Pleistocene (Teng, 1987) . Several drastic vegetational changes were recorded in Taiwan during the Pleistocene and the last 60000 years (Tsukada, 1967) . The coldest climate prevailed in the Tali glacial age or early Würm glacial age, when a rapid expansion of the boreal elements took place (Tsukada, 1966 formosana probably survived the extreme climate fluctuation by migrating to lower-elevation refugia during the Quaternary (Li, 1955) . The geological reason for the genetic depauperation of A. formosana may be similar to that which caused the low genetic diversity in red pine; this low diversity resulted from passage through a genetic bottleneck during glacial episodes of the Holocene (Fowler & Morris, 1977; Simon et al., 1986) . The low genetic diversity could also be a result of the small populations of A. fomiosana confined to southern Taiwan. Because random genetic drift occurs particularly in small populations (Hartl, 1980) , it results in fixation of alleles after many generations.
Genetic heterogeneity is often attributed to a local adaptation to environmental variations (Hamrick et al., 1992) . The FST value indicates that 4.7 per cent of the genetic diversity found in this study occurred between the two populations. This low interpopulational differentiation is consistent with data from many other conifers (Hamrick et al., 1992) .
The slight but not significant excess of heterozygotes in the Tawu population (F15 = -0.099) is probably because no individuals with genotype Pgilaa were found. Indeed, Pgi-laa is probably absent from the whole population as a total of 110 individuals, which comprises approx. 16 per cent of the Tawu population, was screened. However, as stated in 'Materials and methods', sampling was not absolutely random owing to inaccessibility. The chance of allele Pgi-]a not being picked up was always possible, given that it is a rare allele. Also the possibility exists that the apparent absence of the allele in the Tsatsayalai population is the result of sample size.
The increase in frequency of allele Pgi-la in individuals with decreasing DBH (Table 5 ) may have several explanations. First, the allele Pgi-la may be lost in the Tsatsayalai population but has remained unfixed in the Tawu population; this could have resulted from random genetic drift occurring in a small population. Alternatively, limiting ecological factors, including altitude, moisture, microclimate and their interactions found in natural habitats, suggest a strong selection pressure against Pgi-laa. However, these two hypotheses do not account for the absence of the allele Pgi-la in the Tsatsayalai population, which could be considered as a single panmictic unit with the Tawu population. Amentotaxus formosana was occasionally found between these two populations even if it is uncommon. As outcrossing wind-pollinated gymnosperms have the least variation among populations (Hamrick & Godt, 1990) , the exchange of gametes between these two populations is always possible. The occurrence of the allele Pgi-la may also be the result of a recent mutation in the Tawu population. The frequency of allele Pgi-la increased from 0.056 in older trees to 0.125 in the youngest trees. This observation tends to support this hypothesis, as it may explain the absence of allele Pgi-la in the Tsatsayalai population. The increase in frequency of allele Pgi-la may have been caused by selection acting directly upon trees carrying this allele. The allele Pgi-la may eventually be detected in the Tsatsayalai population, as no barrier has been found between them. However, dispersion of this allele may be slow because of the large and heavy seeds, which fall around the mother tree. The flowers may receive predominantly the pollen from nearby relatives, even though the pollen could also be transferred a long distance by wind.
The percentage of polymorphism detected using RAPDs was greater than that for isozyme markers. Unfortunately, no RAPD marker specific to either the Tawu or the Tsatsayalai population was found. However, the lack of variation between individuals within and between populations, as revealed by RAPD analysis, agrees with the low level found using isozymes. A similar observation, based on isozyme and RAPD data has been reported for red pine (Mosseler et al., 1992) .
